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ABSTRACT

The potential of macrocyclic diterpenoids to afford natural product-like polycyclic compounds was demonstrated by the conversion of two
lathyrane Euphorbia factors into a series of densely functionalized diterpenoids of unnatural skeletal type. Apparently, Nature is far from
having fully exploited the built-in reactivity of these compounds to generate chemical diversity.

Natural products are a relatively small share of the known
organic compounds (<1%) but have played a preeminent
role in biomedical research for their ability to alter the
function of proteins relevant to biochemical processes.1

Natural products can only be obtained by fractionation of
extracts, a slow and inefficient technology by modern
standards of pharmaceutical research. To overcome this
limitation, there has been an intense activity aimed at the
expansion of the natural products pool through the generation
of compounds mimicking their features. To address this issue,
combinatorial synthesis using key fragments of natural

products as core structures2 as well as combinatorial bio-
synthesis3 have been attempted. We describe a conceptually
simple alternative which capitalizes on the potential chemical
diversity encoded in natural polyolefins and their mono-
epoxides.

The propensity of medium-sized compounds to undergo
transannular cyclization has been deftly harnessed by Nature
to build thousands of polycyclic sesquiterpenoids and diter-
penoids from various classes of medium-sized and macro-
cyclic precursors. Interest in this chemistry has mainly
focused on the development of chemical mimics of alleged
biogenetic relationships, and this has been highly successful
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in the realm of sesquiterpenes.4 Conversely, only unnatural
isoprenoid skeletons have generally been obtained from the
cyclization of medium-sized diterpenes,5 suggesting that
Nature is far from having fully exploited the potential of
these compounds to generate chemical diversity.

The possibility of tailoring the reactivity of macrocyclic
diterpenes to go beyond natural products and the duplication
of Nature has so far been largely overlooked. This is
somewhat surprising, since diterpenoids are one of the most
diverse classes of natural products in terms of cellular targets
and are therefore of special value in programs of drug
discovery. We have found that certain lathyrane diterpenoids
are superb substrates for the generation of diversity, showing
a reactivity that can be modulated over a vast range by the
choice of a suitable acid, base, or radical trigger. This Letter
reports the results obtained with acidic reagents in polar
solvents.

The Euphorbiafactors L1 (1a, PhAc ) PhCH2CO)6 and
L3 (1b) are easily available in multigram amounts from the
seeds of the caper spurge (Euphorbia lathyrisL.), an
agricultural commodity.7 Despite their origin, they are
nonirritant and totally devoid of tumor-promoting activity.8

On the other hand, interesting biological activities, including
NGF mimicry9 and inhibition of PgP,10 a pump involved in
the resistance to many anticancer drugs, have been docu-
mented for macrocyclicEuphorbiaditerpenoids.

A preliminary investigation on the transannular cyclization
of 1adisclosed only the formation of compounds of unnatural
skeletal type.6,11 Their good isolation yield and structural
complexity prompted us to further investigate the potential
of 1aand1b to generate chemical diversity. The captodative
endocyclic double bond of these compounds was perceived
as an important element for diversity-oriented synthesis,
translating into the possibility of accommodating both a

negative and a positive charge via formation of an enolate
or anR-cyclopropyl cation, respectively (Scheme 1).

In the event, treatment of1a with formic acid afforded a
mixture of three compounds. The cyclobutanes2 and3 had
already been described,6,11 but their configuration should be
revised as indicated in Scheme 2. The cyclooctanoid4

derives from the vinylogous version of the transannular
cyclization leading to2 and3 and showed isopropylene to
isopropylidene isomerization. Interestingly, the product of
endo-opening of the epoxide was not apparently formed in
the vinylogous transannular cyclization.

Surprisingly, the 6(17)-deoxy analogue1b gave entirely
different cyclization products (5, 6), with changes in carbon-
carbon connectivity limited to theγ-cyclopropyl enone
moiety and an overall process somewhat reminiscent of a
Nazarov reaction (Scheme 3). Thus, the dienol obtained by
opening of the cyclopropane ring reacts in a vinylogous
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fashion with C-15, the electrophilic tertiary carbon bearing
the acetate, while a solvolytic process replaces the 5-acetyl
with a formyl. After isopropylene to isopropylidene isomer-
ization,5 and6 were eventually obtained.

To increase the nucleophilicity of the endocyclic double
bond and exploit new avenues of reaction, reduction of the
enone carbonyl of1aand1b was investigated under a variety
of conditions. With most reducing agents, complex mixtures
were obtained, but NaBH4 in dioxane gave a clean reaction.
Reduction of the 14-keto group occurred with attack from
the R-face, affording, after acetyl migration, the tertiary
alcohols7a from 1a and the allylically rearranged ester7b
from 1b. Both compounds were obtained, as the only reaction
products, in almost quantitative yield12 and were highly prone
to rearrangement. Among the systems tested to trigger the
reaction, the mild Lewis acid Yb(OTf)3

13 gave better yields
compared to various protic acids and stronger Lewis acids
(BF3‚Et2O, SnCl4, Et2AlCl). Thus,7a afforded a mixture of
three abeomyrsinanes14 (8-10, Scheme 4), while7b under-
went a series of deep-rooted rearrangements, eventually
affording the bridgehead polycyclic compounds11 and12
(Scheme 5).

Compounds8-10are the result of a process mediated by
the formation of a C-seco-lathyradiene. This then undergoes
transannular cyclization withexo-opening of the epoxide ring.
After a series of hydride shifts, the positive charge is

eventually quenched in an intramolecular way by oxygen
trapping (Scheme 4).15

In the exomethylene alcohol7b, opening of the cyclopro-
pane ring can be coupled to either ionization of the allylic
12-acetate and generation of a diene system or after tran-
sannular cyclization to the departure of the 15-hydroxyl. The
latter generates11, having a bridgehead cagelike structure,
while the diene system undergoes a transannular Diels-Alder
reaction,16 eventually affording the tetracycle12 (Scheme
5).17

The chemistry involved in the acid-catalyzed rearrange-
ment of the lathyranes1a,b and 7a,b is remarkable and
highlights the role of theγ-cyclopropyl enone moiety as a(12) The success of this protocol might be related to the low solubility
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latent site of diversity. Even more surprising is, however,
the observation that, despite the central role of lathyranes in
the biogenesis of theEuphorbiaditerpenoids, all compounds

obtained in the cyclization reactions belong to skeletal types
unknown within natural products. From a mechanistic
standpoint, a common feature of the various reaction is the
opening (or expansion) of the cyclopropane ring. This drives
a host of further C-C and C-O bond reorganizations,
generating an electron-rich enol or dien(ol) system that is
eventually trapped by an electrophilic sink (6,17-epoxide,
tertiary acetoxyl at C-15) or by a dienophile (6,17-double
bond).

In conclusion, highly functionalized macrocyclic epoxy-
olefins and polyolefins such as theEuphorbiafactors L1 and
L3 are endowed with a remarkable potential to generate rigid
polycyclic structures not easily accessed by other methods.
The percentage yield of the transannular reactions was in
some cases unimpressive. Nevertheless, the starting materials
are easily available and the reaction mixtures simple to
separate. A structurally diverse library of densely function-
alized and stereochemically rich polycyclic compounds to
screen against biological targets could thus be obtained.

The generation of molecules with different scaffolds is a
major challenge for diversity-oriented synthesis,1b and we
have shown how the incorporation of complementary reactive
elements into a functionalized macrocycle core can indeed
achieve this goal.
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